ABSTRACT: Maintaining the integrity of differentiated genomes in marine organisms needs efficient isolation mechanisms, because planktonic larval dispersion provides contacts between taxa. Habitat specialisation is interesting in this respect, because it can both prevent interspecific crosses (each taxon reproduces in its own habitat) and eliminate hybrids (typically less fit than a parental taxon in each habitat). The contact zone between smooth-shelled mussels Mytilus edulis and M. galloprovincialis in Europe is a good example, as allozyme genotypes typical of both taxa seem to segregate into different habitats. However, allozymes may be selected directly and it is not known whether the same pattern can be extended to the whole genome. Here, we used 6 presumably neutral PCR markers to investigate habitat specialisation, focussing on the Bay of Quiberon, a small region in the midst of the contact zone between the 2 taxa. Confirming allozyme findings, our results indicate that habitat specialisation is apparent at the genomic scale, as M. edulis-like genotypes are found in sheltered or open-sea sites under freshwater influence, whereas M. galloprovincialis-like genotypes occupy exposed sites. Hybrid (or mixed) populations are found in open-sea or sheltered areas without freshwater influence. Therefore, habitat specialisation does contribute to the interspecific barrier. However, this mechanism seems insufficient to completely prevent the mixing of the 2 genomes, as mixed populations exist and provide opportunity for further hybridisation. Large gametic disequilibria within hybrid populations indicate the existence of restrictions to genetic exchange between the 2 taxa, even within a single habitat. Habitat-independent isolation mechanisms must, therefore, exist in addition.
INTRODUCTION
Habitat specialisation, i.e. the differential adaptation of genotypes to alternative ecological conditions, is a very appealing explanation for the speciation process (Bush 1975 , Rice 1984 , 1987 . Indeed, selection rarely acts on reproductive isolation directly. Most of the time, it is assumed that disruptive selection acts epistatically on a set of loci and that selection only affects loci involved in pre-zygotic isolation via gametic disequilibrium (Dobzhansky 1940) . This indirect path is probably the main obstacle to speciation by natural or sexual selection (Kirkpatrick & Ravigné 2002) . However, selection can operate directly or pleiotropically on a trait inducing reproductive isolation. An example of such a situation is observed when individuals are adapted to survive in a given habitat and tend to reproduce within the same habitat, i.e. with similarly adapted mates.
In the sea, habitat specialisation may appear as an especially important mechanism of reproductive isolation. Most marine organisms have the potential to migrate over long distances through a planktonic larval stage and populations are generally large. In such conditions, allopatric speciation would require sustainable effective geographic boundaries. The closing of the isthmus of Panama is an example of an effective boundary in the sea (Knowlton et al. 1993) . However, such barriers are often hard to find (Palumbi 1992) . Speciation in the sea may therefore require that reproductive isolating mechanisms evolve in the presence of a large amount of gene flow (parapatric or sympatric speciation). Palumbi (1994) has reviewed 4 mechanisms of pre-zygotic reproductive isolation in the sea: (1) behavioural mate preferences, although unlikely for sessile free-spawners; (2) preferential fertilisation; (3) spawning asynchrony; and (4) habitat specialisation. In the presence of gene flow, habitat specialisation driven by direct selection seems more powerful than the other 3 mechanisms that often require reinforcement (Kirkpatrick & Ravigné 2002) . In marine bivalves, habitat specialisation is likely to be driven by direct selection because adults are sessile and stay in the same habitat until reproduction. External fertilisation may occur between individuals adapted to the same habitat, since sperm dilution and adult densities may greatly limit long-distance fertilisation success in free-spawning invertebrates (review in Levitan 1998 ). Gamete dispersal is therefore believed to be effective at the scale of a few metres only (Levitan 1998 ) with the exception of very fine scale environmental variation, reproduction is thus expected to occur within habitats.
Examples of local adaptation in the marine literature include evidence for direct habitat-dependent selection at enzymatic loci (Koehn et al. 1980 , Hilbish & Koehn 1985 , Lemaire et al. 2000 , Schmidt et al. 2000 , Schmidt & Rand 2001 ). An interesting feature of these examples is that selection appears to be strong enough to produce detectable levels of local adaptation in adult populations despite large migration among habitats. The most famous case is probably the aminopeptidase allele frequency cline maintained between estuarine habitats of Long Island Sound and oceanic coastal zones in the mussel Mytilus edulis, despite extensive larval migration (Koehn et al. 1980) . Thus, environment-dependent selection might be strong enough to represent the first step toward speciation, triggering the evolution of reproductive isolation and ultimately, the divergence of the whole genome (including neutral loci) between the 2 newly created species. However, we are lacking clearly documented evidence for this in the marine environment.
Smooth-shelled mussels Mytilus spp. provide a unique opportunity to observe various stages of this process. They form a well-known species complex, with hybridisation over extensive areas such as the contact zone of M. edulis /M. galloprovincialis along the Western European coast. The main feature of this zone is its mosaic structure, in which populations of pure genotypes alternate with hybrid populations , Coustau et al. 1991 , Daguin et al. 2001 . Allozyme surveys have revealed that spatial distributions of alleles at diagnostic loci (including an amino-peptidase) are correlated with environmental factors such as salinity (Skibinski 1983) or tidal height and wave exposure (Gosling & Wilkins 1981 , Gardner & Skibinski 1988 , Gosling & McGrath 1990 , reviewed in Gardner 1994 . Within sympatric populations, alleles specific to M. galloprovincialis usually increase in frequency with size and age, due to differential viabilities between the juvenile and adult stages (Skibinski 1983 , Gardner & Skibinski 1988 , Skibinski & Roderick 1991 , Gardner et al. 1993 , Wilhelm & Hilbish 1998 , Hilbish et al. 2002 . Differential susceptibility to wave action in exposed shores has been proposed as an explanation (Gardner & Skibinski 1991 , Willis & Skibinski 1992 .
However, other allozymes exhibited only slight differences, if any, between the 2 species . One may therefore suggest that the diagnostic allozymes are under direct selection, whereas other parts of the genome are not. In this case, neutral markers would cross the interspecific barrier, being only slightly slowed down by the indirect barrier effect of selection (Barton 1979 , Barton & Bengtsson 1986 . Alternatively, all marker loci (be they diagnostic or not) may be neutral and indirectly affected by a strong genetic barrier due to selection on a sufficient number of other target loci. The variation among marker loci may reflect the fact that some loci happen to differentiate the 2 species, whereas others do not. This outcome could result from differences in the rate of allele sorting during divergence if it is compatible with demographic parameters (Avise 1994) . Recently, noncoding introns (Daguin et al. 2001, Bierne et al. in press b) as well as mitochondrial DNA (Quesada et al. 1995 , 1998 , Rawson & Hilbish 1998 ) have differentiated the 2 species at a large scale. This suggests that there has been sufficient time since divergence for independent coalescence of both nuclear and mitochondrial genes, and that the cohesion of the whole genomes (including neutral loci) is maintained at the level of the whole species. In the areas where both taxa coexist, habitat specialisation may be involved in species isolation if genotypes tend to segregate into different microhabitats. It is thus interesting to question at this scale the eventual role played by habitat selection in the maintenance of the integrity of genomes.
The Mytilus edulis /M. galloprovincialis contact zone may be best understood as a succession of several hybrid zones rather than a vast single hybrid zone. Hilbish et al. (2002) have recently described the genetic structure in SW Britain at a fine spatial resolution and have demonstrated a cline-like structure at the scale of 100s of km. Bierne et al. in press b have shown that 3 independent hybrid zones can be defined in France. In each of the 3 zones, differentiated source populations are involved. Depending on location, introgression processes appeared more or less advanced. In the central zone in south Brittany (France), hybridisation occurs between 2 differentiated patches (M. edulis-like populations in the centre of the Bay of Biscay and M. galloprovincialis-like populations in NW Brittany). Patterns of introgression between these 2 patches appeared very complex. In the contact zone, a fine-scale mosaic was observed. Investigating fine-scale structure in this area thus appears very promising to evaluate the role of habitat specialisation in the maintenance of the hybrid zone. However, a precise analysis of hybridisation was hampered by the small number of loci used. In the present work, we have added 3 newly developed nDNA markers, obtained with the direct amplification length polymorphism (DALP; Desmarais et al. 1998 ) method, to the 3 previously described loci (Bierne et al. in press b) . Here, our aim was to focus on a small region in the middle of the contact zone in the Bay of Quiberon, in order to verify whether the habitat specialisation observed elsewhere with allozymes (review in Gardner 1994) could be extended to non-coding parts of the genome in the M. edulis /M. galloprovincialis hybrid zone. This information would allow us: (1) to confirm that the separation between the 2 genomes is maintained at a very fine scale, as it is at a larger scale; (2) to test whether ecological factors such as wave exposure, salinity and/or correlated factors influence the spatial distribution of alleles at this scale; (3) to check whether these conclusions hold for a hybrid segment in southern Brittany, never analysed to date; and (4) to discuss whether segregation into different habitats is sufficient to prevent hybridisation and to evaluate the relative importance of the different factors involved in the barrier to gene flow.
MATERIALS AND METHODS
Collection of samples. Mytilus spp. samples of adult individuals (> 2 cm, samples at random) were collected along the European Atlantic shores (Fig. 1) . The 16 samples were numbered following their position along the coast from south to north. These are the same samples numbered 1, 3, 6, 7, 10, 11, 12, 13, 14, 15, 23, 26, 28, 29, 31 and 32 in Bierne et al. (in press b) . Shell length of individuals from Samples 5 to 10 were measured (along the posterior-anterior axis) before molecular analyses. Because age is difficult to obtain in mussels, we used shell length as an indicator of both growth and survival, and thus, as a correlate of fitness.
Ecological characteristics of sites where Samples 5 to 10 were sampled (Fig. 1B) are known (Table 1) . We have chosen 2 sheltered areas (Samples 6 and 9 represented by triangles in Fig. 1 ), 2 open sea areas on ropes hanging from buoys (Samples 5 and 8 represented by squares) and 2 exposed areas Both high salinity and exposition to wave action have been mentioned as favourable to Mytilus galloprovincialis in previous studies. We have synthesised both factors into a simple ecological score. 0: non-exposed and salinity below average (≤ 31 ‰); 1: non-exposed and salinity ≥ 31 ‰ or exposed and salinity ≤ 31 ‰; 2: exposed and salinity ≥ 31 ‰ lacking protection from surf action (Samples 7 and 10 represented by stars). We have deliberately selected sites so that ecological parameters were not correlated with geographical distance. In this region, winds predominantly blow from the west. For this reason, the west side of the Quiberon peninsula (Sample 10) is called the 'wild coast'. The Quiberon peninsula thus offers a relative protection to the Bay of Quiberon. Currents and salinity of the Bay of Quiberon are described in Lazure & Salomon (1991) , and at a larger scale, in the Bay of Biscay, in Lazure & Jegou (1998) . The Gulf of Morbihan (see Fig. 1 ) acts as a reservoir that either empties or fills depending on the tide, thus creating a powerful current between its entry and the extremity of the Quiberon peninsula. The consequence is the generation of a gyre (Lazure & Salomon 1991) that homogenises the whole Bay of Quiberon and that is also believed to act as a trap for plankton. Three samples (7, 8 and 9) are localised within this gyre. The influence of little rivers locally decreases salinity in the northern side of the Bay of Quiberon (Sample 8) and in the Trinité river (Samples 6 and 7) (Lazure & Salomon 1991) . Differences may sometimes reach 1 to 3 ‰. We have defined an ecological score that takes into account both wave action and salinity as described in Table 1 . Molecular markers. Three previously described length polymorphic DNA loci were used, 1 in the adhesive plaque protein gene, Glu-5' (Inoue et al. 1995 , Rawson et al. 1996 , and 2 introns, mac-1 (Ohresser et al. 1997 , Daguin & Borsa 1999 , Daguin et al. 2001 and EFbis (Bierne et al. 2002) .
We have designed 3 DNA markers by using the DALP technique (Desmarais et al. 1998 ). The first step of this technique generates a multi-banded pattern where presumptive length polymorphisms are located (Desmarais et al. 1998) . Polymorphic bands are then eluted from dried gels and used as templates for a second round of PCR amplification. The resulting PCR products are sequenced directly. Sequences are used to design internal-specific primers with the aim of obtaining single co-dominant length polymorphism markers. The first step of the DALP has generated highly polymorphic multi-banded patterns in Mytilus spp. (see Fig. 3 in Desmarais et al. 1998) . We have chosen 5 polymorphic band systems for sequencing. After sequencing, 3 band systems appeared to reveal length polymorphism. Primers designed to amplify single codominant markers are listed in Table 2 . We used the PCR and electrophoresis procedures described in Daguin & Borsa (1999) , except that the annealing temperature was adjusted for each locus (Table 1) .
The DAMP1 locus exhibited two 10 bp indels, one being almost diagnostic between Mytilus edulis and M. galloprovincialis, and the other being polymorphic within M. galloprovincialis. As a null allele was suspected within M. edulis, we had to design a second forward primer between the 2 indels (DAMP1-F2). As a consequence, the within-M. galloprovincialis polymorphism is absent with the DAMP1-F2/DAMP1-R primer set (Fig. 2) . We have therefore read this locus as a bi- 
allelic locus whatever the primers we used (pooling the 2 galloprovincialis alleles even when they could be distinguished).
The DAMP2 locus was first only partially diagnostic between Mytilus edulis and M. galloprovincialis. Moreover, a null allele was suspected within M. galloprovincialis. Sequences performed have revealed 3 single nucleotide indels localised in poly-(A/T) sequences; this locus is rich in such single nucleotide microsatellites (GenBank #480865-72). We also designed a second forward primer, DAMP2-F2 (Fig. 2) ; with this primer, this locus exhibited a better diagnosticity that was attributed to a length polymorphism localised between the 2 forward primers (the question mark in Fig. 2 ) creating length homoplasy. We have observed 10 alleles; 2 frequent (124 and 126 bp long) and 8 rare ones (114, 122, 123, 125, 127, 129, 134 and 139) . Five were characteristic of M. edulis (114, 123, 124, 125 and 139) and 5 of M. galloprovincialis (122, 126, 127, 129 and 134) , according to their frequencies in reference samples and their first-axis co-ordinates based on a correspondence analysis (see below, Fig. 3 ).
One primer, DAMP3-R of the DAMP3 locus, is located on a minisatellite repeat (Fig. 2) . Despite all our attempts, we were unable to sequence the other flanking sequence of this minisatellite. However, a 7 bp indel, localised on the first repeat, appeared to be partially diagnostic between Mytilus edulis and M. galloprovincialis. With the primers we have used, we obtain a multi-banded pattern. The smaller band exhibits a presence/absence polymorphism and the second band exhibits the partially diagnostic length polymorphism that is repeated higher in the gel by other amplifications, which is enough to be read without ambiguity. A second indel of 3 bp length was identified by sequencing (Fig. 2) . Finally, DAMP3 exhibited 6 alleles; 4 were characteristic of M. edulis (E 0 and E 1 in Fig. 2, and 2 smaller, E -1 and E -2 ) and 2 were characteristic of M. galloprovincialis (the 2 bigger alleles with the amplification of the band due to the annealing on the first repeat).
Non-amplifying alleles (also called null alleles) are thought to be particularly frequent in marine bivalves because of their high genetic diversity (McGoldrick et al. 2000, Bierne et al. in press a). Hare et al. (1996) were the first to demonstrate the difficulty in designing primers without non-amplifying alleles within a single species in the American oyster Crassostrea virginica. The null allele problem at microsatellite loci in oysters has been reviewed by McGoldrick et al. (2000) . In the present case, the fact that primers have to probe in 2 different species makes things potentially worse as the probability to find the ~50 pb (a PCR primer pair) of contiguous monomorphic sites necessary to design primers, is even lower than at the intra-specific level.
In addition, the Hardy-Weinberg and linkage disequilibria analysis required in a hybrid zone study, needs that null alleles be removed. Several technical procedures may limit the impact of null alleles (Bierne et al. in press a). One of these procedures was to design a second set of primers for DAMP1 and DAMP2 (see above). Another was to decrease the PCR annealing temperature as much as we could before amplifying secondary parasitic bands due to non-specific priming (see Table 2 ). This procedure allows possible mismatches to occur at the targeted priming sites. Finally, the good performance of the 6 markers we used was validated by Hardy-Weinberg and linkage equilibrium (HWLE) within reference samples, and also by the good concordance among loci within the hybrid zone (see below).
Data analyses. Genetic differentiation was studied by correspondence analysis (CA) on the matrix of allele counts per sample using the GENETIX software (Belkhir et al. 1996) . CA is particularly well suited to describe the genetic structure in hybrid zones. Homogeneity of genotypic frequencies between pairs of populations was tested by an exact test using the GENEPOP software (Raymond & Rousset 1995) which allowed us to group samples with the same genetic composition.
The reproductive barrier between 2 differentiated gene pools can be studied by evaluating the extent to which alleles typical of both gene pools coexist within the same individuals. Two types of disequilibrium are relevant to this evaluation: (1) Hardy-Weinberg disequilibrium indicates the deviations from random mating among the 2 gene pools; and (2) linkage disequilibrium (i.e. gametic disequilibria) reveals the limitations for recombination between the 2 corresponding genomes. Pairwise associations within loci, κ 1,1 (corresponding to an averaged Hardy-Weinberg disequilibrium) and between loci within genomes, κ 0, 2 (corresponding to an averaged pairwise gametic disequilibrium) were estimated following the method described in Barton (2000) , using MATHEMATICA 3.0 (Wolfram 1996) add-ons provided by N. Barton (http://helios. bto.ed.ac.uk/evolgen/). The advantage of this method is that both linkage and Hardy-Weinberg disequilibria are estimated jointly. Because Barton's method (as well as the hybrid zone framework in general) only considers disequilibria between pairs of alleles typical of either species, within-species diversity is not relevant to this method. Alleles were therefore pooled, within each locus, into species-specific compound alleles according to their co-ordinates on CA Axis 1, as described in Daguin et al. (2001) . Synthetic alleles characteristic of Mytilus galloprovincialis populations were called G and synthetic alleles characteristic of M. edulis populations were called E. In addition to Hardy-Weinberg and link-age disequilibrium analysis by Barton's method, synthetic alleles were also used: (1) to calculate a simple hybrid index that is the number of G alleles per individual; and (2) to present a simplification of the genetic structure with synthetic allele frequencies (although the full variation is taken into account in the CA).
As mentioned in the 'Introduction', genotype/phenotype (shell length) associations can potentially reveal the action of selection at the adult stage favouring one mussel type over the other (say, Mytilus galloprovincialis over M. edulis). These associations were investigated in several ways. Differences in shell length between classes of single-locus or multi-locus hybrid indices were tested using 1-way ANOVAs with fixed effect. Individuals from hybrid samples (where significant departure from Hardy-Weinberg and linkage equilibrium were found) were also classified as M. edulis-like and M. galloprovincialis-like individuals using the assignation software Partition (Dawson & Belkhir 2001) . Finally, each sample was sorted by size and grouped into size quartiles, ranging from the smallest (Quartile I) to the largest (Quartile IV). G allele frequencies (locus by locus or the average on all the loci) were plotted on size quartiles and the relationship between the 2 parameters was expressed as product-moment correlations.
RESULTS

Genetic variability
Allele frequencies are presented in Appendix 1. Fig. 3 presents the projection of alleles and Fig. 4 the projection of samples on the first factorial plane. CA Axis 1 reflects the allele frequency gradient between the 2 species, from Mytilus galloprovincialis on the left to M. edulis on the right. The frequencies of the synthetic G allele at each locus in each sample are presented in Fig. 5 . The average G frequency over the 6 loci is also presented as black sectors in the pie diagrams in Fig. 4 . Ellipses in Fig. 4 , group samples for which the homogeneity of genotypic frequencies cannot be rejected (Appendix 2). Within-species genetic structures appear on Axis 2, between M. edulis of the North Sea and M. edulis of the Bay of Biscay on one hand, and between M. galloprovincalis of the Iberian peninsula and M. galloprovincalis of Brittany and SW England on the other. The problem of intraspecific variation along the Atlantic coast has been treated at length in a previous paper (Bierne et al. in press b) , and the present 6 locus analysis cannot bring more to this issue since the 3 added loci are virtually monomorphic within each species (when more than 2 alleles are found, all but 1 are rare). Here, we focus on the between-species differentiation. A strong introgression from M. edulis towards M. galloprovincialis occurs at locus DAMP2 in south Brittany (Fig. 5) .
Correlation with environmental factors
The fine-scale mosaic structure in the Bay of Quiberon is evident (Figs. 1 & 5) . The association between the genetic composition of samples and wave exposure previously described with allozymes (review in Gardner 1994) is also found in the present study. A significant correlation is found between the mean G allele frequency of a sample and the ecological score of the site (Kendall rank test, r = 0.7, p = 0.048). The 2 exposed areas (7 and 10) are the most rich in Mytilus galloprovincialis alleles, and open-sea and sheltered areas are either grouped with Bay of Biscay M. edulis (6 and 8) or intermediate (5 and 9) (Fig. 4, Table 1 ), the 2 most M. edulis samples (6 and 8) being in sites where the salinity is slightly decreased. Mosaicism is well known in this hybrid zone , Coustau et al. 1991 , Daguin et al. 2001 in press b); however, the relationship between environmental conditions and such drastic changes in allele frequencies at a very small scale has seldom been noticed.
Analysis of disequilibria
Hardy-Weinberg and linkage disequilibria depend on the level of differentiation between parental populations that are the source of hybridisation (Barton 2000) . The more introgressed source populations are, the slighter the disequilibria (Barton 2000) . This can be measured by the difference in allele frequency between source populations, ∆p (Barton 2000) . If all the loci are similarly introgressed (same ∆p), then they share the same information. However, different loci may have reached different levels of introgression (different ∆p) because of the genomic architecture of the barrier to gene flow (sensu Rieseberg 1999 ). In our case, if all the 6 loci are roughly as strongly differentiated between Mytilus galloprovincialis populations of the Iberian Peninsula and M. edulis populations of the North Sea (DAMP1, ∆p = 0.98; DAMP2, ∆p = 0.76; DAMP3, ∆p = 0.66; Glu-5', ∆p = 1; mac-1, ∆p = 0.9; EFbis, ∆p = 0.84), a strong discrepancy is observed between locus DAMP2 (∆p = 0.15) and other loci (∆p > 0.4) when considering introgressed M. galloprovincialis populations of Brittany and introgressed M. edulis populations of the Bay of Biscay as source populations (DAMP1, ∆p = 0.61; DAMP2, ∆p = 0.15, DAMP3, ∆p = 0.53; Glu-5', ∆p = 0.69; mac-1, ∆p = 0.49; EFbis, ∆p = 0.42). Because of this strong introgression at locus DAMP2 in south Brittany, this locus is not informative in this area, and therefore we have simply removed it from the Hardy-Weinberg and linkage disequilibria analysis. Pairwise associations within loci, κ 1,1 , and between loci, κ 0,2 , have been estimated after pooling samples that did not show significant differences in genotypic frequencies and are presented in Fig. 6 with the hybrid index distribution. Hardy-Weinberg and linkage equilibrium was rejected in 2 cases: (1) in Bay of Quiberon hybrid populations (Samples 5 and 9, Fig. 6 ) where the hybrid index distribution is bimodal; and (2) in Sample 11 from Polzeath in SW Britain (Fig. 6) . Samples from exposed areas of the Bay of Quiberon exhibited slight but non-significant associations (Fig. 6 ).
Genotype/shell length associations
Among all the tests we have performed to detect a genotype/shell length association, none was significant at the 5% level (data not shown). We were unable to detect a trend for one genotype to be larger than another. Neither did we detect the classical trend for Mytilus galloprovincialis alleles to increase in frequency with shell length (review in Gardner 1994), even with locus Glu-5' for which this association was noticed elsewhere (Rawson et al. 1998 , Wilhelm & Hilbish 1998 ).
DISCUSSION
Correlations between the spatial distribution of alleles at allozymes and wave exposure and/or salinity are a well-known observation in the Mytilus edulis /M. galloprovincialis hybrid zone (review in Gardner 1994) . Here, we extend the analysis of habitat specialisation and fine-scale mosaic structure to non-coding DNA variants, which show the same trend. This similarity has interesting implications about (1) the strength of the barrier to neutral gene flow between the 2 species; (2) the importance of habitat specialisation compared with other mechanisms of reproductive isolation; and (3) the importance of habitat specialisation on the large-scale maintenance of the zone.
How strong is the interspecific genetic barrier in Brittany?
Allozyme studies on the Mytilus edulis /M. galloprovincialis hybrid zone in France have concluded that extensive hybridisation occurs in Brittany, because no departure from the Hardy-Weinberg equilibrium occurred in a sample of intermediate populations from this area (Coustau et al. 1991 , Viard et al. 1994 . However, if hybridisation is easy, it is a paradox that strong differentiation is maintained among populations despite a potential for extensive larval dispersal. On the other hand, if the factors separating the 2 species are environmental (exogenous), geographical variation of these factors may produce geographical variation in the strength of the barrier to gene flow. Following this line, one may suggest that the barrier to gene flow is partially removed in Brittany. In this case, the large-scale persistence of 2 incompletely blended entities (M. edulis in the North Sea and M. galloprovincialis near the Iberian Peninsula) would rely on active barriers localised elsewhere (in SW Britain for example, where high departure from HWLE are found; Skibinski et al. 1983 ).
In Bierne et al. ( in press b), we argue against this latter view. A detailed sampling revealed very high departures from HWLE in some populations in south Brittany (Daguin et al. 2001, Bierne et al. in press b) . Allele frequencies of these samples were intermediate between those of Bay of Biscay Mytilus edulis and of M. galloprovincialis-like samples at HWLE. However, the latter were not identical to Iberian populations, as they had actually integrated neutral alleles from local M. edulis at some marker loci. Our conclusion was that these partially introgressed M. galloprovincialis, instead of pure populations, locally served as source populations for hybridisation. The barrier (demonstrated by departures from HWLE) is underestimated when Iberian M. galloprovincialis are used as reference populations (as is usually done) instead of local M. galloprovincialis. It is essential to bear this difference in mind in order to analyse fine-scale population structure.
164 Fig. 6 . Mytilus spp. Hybrid index distribution and pairwise associations within loci, κ 1,1 , 95% CI (corresponding to an average Hardy-Weinberg disequilibrium) and between loci within genomes, κ 0, 2 , 95% CI (corresponding to an average pairwise gametic disequilibrium) estimated following Barton's method (2000) In (3 and 4) ; 2 M. galloprovincialis-like samples (7 and 10) that are strongly introgressed by M. edulis alleles but do not significantly depart from HWLE; and 2 hybrid samples (5 and 9), intermediate between the 2 previous groups (Fig. 4) and showing strong departures from HWLE as well as a bimodal distribution of the hybrid index (Fig. 6) . The theoretical maximum gametic disequilibrium, obtained under a scenario of simple admixture (Barton 2000) of local M. edulis and M. galloprovincialis is: κ 0, 2max = 0.062. This value is approximately that estimated in these hybrid samples. Thus, the barrier between the 2 local M. edulis-like and M. galloprovincialis-like genomes seems strong in this area. Note that, if Iberian populations had been taken as M. galloprovincialis references, Populations 7 and 10 would have been classified as hybrid populations and apparent HWLE in these populations taken as evidence for a lack of barrier (in contradiction with Samples 5 and 9).
Moreover, drastic changes in allele frequencies are observed at a very fine scale. Taking into account the huge potential for dispersal of mussels, patches of very differentiated Mytilus edulis-like and M. galloprovincialis-like populations at neutral markers could not be maintained at such a small distance as a few 100 m (between Samples 6 and 7) without very strong reproductive isolation (be it pre-or post-zygotic). Currents are also believed to homogenise the Bay of Quiberon (Lazure & Salomon 1991) , further reinforcing the efficiency of larval migration.
The similar results obtained here with presumably neutral markers and elsewhere with allozymes (review in Gardner 1994) strongly suggest that none of the markers used to date is directly involved in the reproductive isolation between Mytilus edulis and M. galloprovincialis. They are more likely simply neutral markers slowed down by the barrier to gene flow generated by other genes elsewhere in the genome. The discrepancy in the level of introgression among loci is therefore easily explained by the genomic architecture of the barrier to gene flow, i.e. the number of isolation genes and their distribution throughout the genome (Rieseberg 1999 ). This conclusion contrasts with the recent claim of direct selection on allozymes in an other mussel hybrid zone; between M. edulis and M. trossulus in the transition between the North Sea and the Baltic Sea (Riginos et al. 2002) .
Finally, for such an interspecific genetic barrier to neutral gene flow to be so strong, hybridisation must be rare. This conclusion poses the problem of the relative importance of the different factors, especially habitat specialisation, involved in the barrier.
Does habitat specialisation alone explain the barrier to gene flow?
Genetic structure at a fine scale within the Bay of Quiberon does seem to correlate with environmental factors. As mentioned above, previous studies suggested that Mytilus galloprovincialis and M. edulis are specialised within the contact zone in exposed and sheltered habitats, respectively (Gosling & Wilkins 1981 , Gardner & Skibinski 1988 , Gosling & McGrath 1990 , Gardner 1994 ). However, this relationship was based on allozyme studies. Direct habitat-dependent selection on allozymes cannot be excluded and it was therefore difficult to know whether habitat specialisation locally affected the complete genomes. Indeed, there exist some conditions in which theoretical models predict allele frequencies to differ among microhabitats only at loci directly responsible for habitat specialisation, whereas they show little or no differentiation among habitats at other diagnostic loci under endogenous selection (Kruuk 1997) . Our results confirm that presumably neutral molecular markers behave as allozymes, as M. galloprovincialis-like allele frequencies are mostly found in exposed sites (7 and 10), whereas M. edulis-like and intermediate allele frequencies are found in open sea or sheltered areas (5, 6, 8 and 9). A possible influence of salinity can also be suspected because hybrid populations (5 and 9) occur in sites where the surface salinity is higher than M. edulis populations (6 and 8), both under freshwater influences (Lazure & Salomon 1991) . The fact that neutral markers and allozymes produce similar results is in agreement with the hypothesis that genomes are at least partly 'congealed' (sensu Turner 1967 , Kruuk et al. 1999 , or in other words, that genomes roughly behave as a single pleiotropic locus, supported by the observation of strong barriers to hybridisation in this area (see above).
However, there are 2 reasons why habitat specialisation alone is not sufficient to explain the strength of the barrier to gene flow. The first argument comes from the genotypic composition of hybrid populations (5 and 9). Separating 2 genomes just with habitat specialisation requires strong specialisation where specialised genotypes rarely, if ever, recruit in the wrong habitat (Rice 1987 , Kruuk 1997 . The mere existence of sites where the 2 genomes are present, roughly at the same frequencies, shows that some habitats provide important opportunities of contacts between the Mytilus edulis and M. galloprovincialis genomes. Such populations would represent 'bridges' between specialised genomes if habitat specialisation were the only cause of the barrier. However, strong departures from HWLE are maintained within these populations (see above) and therefore, interspecific crosses are limited, even when both species occur in the same habitat, by some other factor. This restriction could be pre-zygotic isolation within habitats (assortative fertilisation or spawning asynchrony) and/or selection against hybrids irrespective of the habitat. Both hypotheses have received experimental support (for asynchronous spawning see Seed 1971 , Gardner & Skibinski 1990 , Secor et al. 2001 ; for low survival of hybrid larvae see Beaumont et al. 1993 , Bierne et al. 2002 ; and for assortative fertilisation see Bierne et al. 2002) .
The second argument is related to habitat specialisation by post-settlement selection. According to standard theory (e.g. Slatkin 1973) , post-settlement selection alone would have to be extremely strong to maintain small-scale differentiation. In other words, exposed areas should be almost lethal for Mytilus edulis and sheltered areas almost lethal for M. galloprovincialis. This theory holds for a locus directly under selection, and a higher selection coefficient and/or tight linkage would be needed to predict habitat segregation at neutral marker loci (Barton & Bengtsson 1986 ). We were unable to find any indirect manifestation of selection via hybrid index/shell length associations in our samples. Previous studies that have attempted to estimate environment-dependent selection coefficients found: (1) a systematic advantage for M. galloprovincialis genotypes, even in habitats dominated by M. edulis (Gosling & McGrath 1990 , Gardner 1994 ; and (2) an apparently too small viability differential (Gardner 1994) to allow the maintenance of separated genomes by this single mechanism. Alternatively, specialisation may involve some active habitat preference acting before recruitment (Gosling & McGrath 1990 ). Contrary to viability selection, habitat choice does not result in as great a load and may be an interesting subject for future investigation.
The results presented here are finally very similar to those obtained on another well-documented marine hybrid zone between the hard clams Mercenaria mercenaria and M. campechiensis in the Indian River lagoon in Florida (Arnold et al. 1991 , 1996 , Bert & Arnold 1995 , reviewed in Hilbish 2001 . The hard clams hybrid zone is maintained both by exogenous directional selection and endogenous selection against hybrids. However, habitat specialisation alone would probably not have been sufficient to prevent neutral gene flow if selection against hybrids were not also involved.
Introgression heterogeneity among the genome
Large-scale patterns of introgression have been described at 3 loci (Glu-5', mac-1 and EFbis) in a previous paper (Bierne et al. in press b) . In Brittany, introgression appeared mostly asymmetrical from Mytilus edulis towards M. galloprovincialis. This is confirmed here with 3 more loci (Fig. 5) . However, for the DAMP2 locus, this introgression is exceptionally strong. On the other hand, at a large scale, this locus strongly differentiates between Iberian M. galloprovincialis and North Sea M. edulis, and a G allele frequency as high as Iberian populations is restored in SW Britain. Local differences among loci may arise from the genomic architecture of the barrier (the effect of physical linkage, and the physical proximity of the marker loci to selected loci). Another possibility is that, depending on their position on the chromosome, different markers are indirectly affected by different forms of selection, i.e. habitat specialisation, pre-zygotic isolation or hybrid depression. The barrier could then be relaxed at the scale of habitat variation for some parts of the genome where habitat specialisation genes are absent, but active at a larger scale for the whole genome. These hypotheses correspond to situations where gametic disequilibria are locally broken to allow different genes to behave independently (Kruuk 1997) .
Spatial scale of the components of the interspecific barrier
The Mytilus edulis /M. galloprovincialis hybrid zone extends over a considerable distance, from the SW of France to Scottish coasts , Coustau 1991 . Instead of a single genetic gradient from M. galloprovincialis of the Iberian Peninsula to M. edulis populations in the North Sea, several successive transitions are observed delineating patches of populations characterised by high frequencies of parental alleles.
Patches of M. galloprovincialis-like populations are found in Brittany, SW Britain, Ireland and Scotland. Transitions between patches are not often clinal but repeatedly form fine-scale mosaics which are correlated with habitats as observed in the present study. The geographic structure of the hybrid zone should therefore more accurately be termed a 2-scale mosaic structure. Can we reconcile the fine-and large-scale structures into a single framework?
Several authors have suggested that ecological factors explaining micro-geographic variation are also responsible for the macro-geographic variation (Gosling & Wilkins 1981 , Skibinski 1983 , Gardner & Skibinski 1988 , Gardner 1994 . Identification of environmental factors that can explain the distribution of the 2 species both at a large and at a small scale would support this hypothesis. The salinity map of Lazure & Jegou (1998) reveals that the large Mytilus edulis patch in the Bay of Biscay roughly coincides with a zone of low salinity due to the influences of the Gironde and Loire plumes. This interaction echoes the differences between more or less saline microhabitats suggested at a small scale within the Bay of Quiberon (this study), situated on the northern edge of the patch. On the other hand, microhabitat differentiation between sheltered and exposed habitats cannot be involved at a large scale, as both habitat types exist throughout the European Atlantic coasts. Temperature is certainly unable to explain fine-scale genetic structures, although it has often been invoked to explain the northern and southern limits of the contact zone between the 2 mussel species , Gardner 1994 , Hilbish et al. 1994 ). However, we currently have no convincing evidence of any direct implication of temperature, especially when one considers that M. galloprovincialis are found as far north as Scotland ) and M. edulis as far south as the Bay of Biscay.
We propose that an alternative explanation could be found in the multiplicity of factors responsible for the barrier to gene flow and in stochastic migration events during secondary contact. The contact zone may have been stabilised in its current position (if it actually proves to be stable) because of a strong barrier to gene flow, while the position itself reflects past migrational stochasticity which occurred early in the secondary contact, rather than adaptation to specific environments. The barrier may be due to the cumulating effect of pre-zygotic isolation and reduced hybrid fitness all along the zone of contact. Habitat specialisation at a small scale can be considered as 1 mechanism (among others) involved in both types of isolation, although not in the large-scale repartition of the 2 species. In this context, environmental variation may explain the localisation of transition zones (where habitat specialisation is often observed) but not necessary the localisation of patches of pure species (where the correlation between genetical and environmental variations seems to be erased). Transition zones may also be stabilised in areas where dispersal is reduced (Barton 1979) , as in the SW of France where a local reduction in population density linked to a diminution of hard substrates along sandy beaches may reduce gene flow. The concomitant effect of different factors that act at different scales and the dispersal characteristics of mussels shape this unique hybrid zone with a complexity rarely found in the terrestrial realm. 
